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Searching for the ideal glass transition, we exploit the ability of glassy polymer films to explore
low energy states in remarkably short time scales. We use 30 nm thick polystyrene (PS) films,
which in the supercooled state basically display the bulk polymer equilibrium thermodynamics and
dynamics. We show that in the glassy state, this system exhibits two mechanisms of equilibrium
recovery. The faster one, active well below the kinetic glass transition temperature (Tg), allows
massive enthalpy recovery. This implies that the ’fictive’ temperature (Tf ) reaches values as low as
the predicted Kauzmann temperature (TK) for PS. Once the thermodynamic state corresponding to
Tf = TK is reached, no further decrease of enthalpy is observed. This is interpreted as a signature
of the ideal glass transition.
PACS numbers: 64.70.pj, 65.60.+a.
Glasses are a special class of materials characterized
by the disordered structure of liquids and the mechani-
cal properties of solids. The most common route to form
a glass is by cooling a liquid through its melting temper-
ature avoiding crystallization. In this case, before form-
ing a glass, the supercooled state is explored, that is, a
system in metastable equilibrium [1, 2]. A problem of
extraordinary fundamental importance arises from the
observation that the supercooled state exhibits second
order thermodynamic properties typical of a liquid, in
particular, larger than those of the crystal. Given the
difference between the supercooled and crystal specific
heats, Kauzmann noticed that there will be a tempera-
ture (TK) at which the entropy of the supercooled liq-
uid and that of the crystal would be equal [3]. Gibbs
and Di Marzio [4] subsequently theorized that a second
order thermodynamic transition to an ideal glass would
occur. This transition would avoid that the paradoxical
scenario of a disordered glass with entropy smaller than
that of the crystal is realized. Investigating the intrigu-
ing scenario of a liquid with the entropy of a crystal is
prevented by the occurrence of the so-called kinetic glass
transition [5] transforming the supercooled liquid into a
glass. Once formed, non-equilibrium glasses evolve to-
wards the metastable equilibrium of the supercooled liq-
uid by decreasing their energy, a well-known phenomenon
addressed as physical aging or structural recovery [6].
Motivated by the search for the second order thermo-
dynamic transition (the ideal glass transition), different
routes to low energy glassy states have been recently ex-
plored. One of them is the investigation of fossil glassy
amber naturally aged for millions of years [7], showing
fictive temperature (Tf ) − i.e. the temperature corre-
sponding to the intercept of the extrapolated glass and
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equilibrium lines for a given glass (see Figure 1) − sig-
nificantly lower than Tg, the glass transition tempera-
ture. Another route, much faster, is the preparation of
vapor deposited glasses which, when obtained in appro-
priate experimental conditions, exhibit Tf values as low
as about 30-40 K below Tg for organic glass formers [8].
However, in both cases, the lowest Tf reached is still far
from TK .
FIG. 1. Schematic representation of the temperature depen-
dence of the specific heat, the enthalpy and the excess entropy
of a glass forming liquid cooled down at a given rate. Tg, TK
and the way Tf is connected to the enthalpy recovered (∆H)
during isothermal aging are shown.
In recent years, several studies showed that glasses
where one or more dimensions are restricted to the
nanometer scale exhibit depressed Tg in comparison to
the corresponding bulk glass formers. This is especially
pronounced in freestanding polystyrene (PS) films [9].
These can exhibit Tg values of several tens of Kelvin
ar
X
iv
:1
61
1.
03
69
5v
1 
 [c
on
d-
ma
t.s
of
t] 
 11
 N
ov
 20
16
2lower than bulk for film thicknesses of the order of 30 nm.
Importantly, despite the Tg depression, recent investiga-
tions indicate that: i) the linear dynamics, that is, the
rate of spontaneous fluctuations, of freestanding PS films
is bulk-like, with the exception of a surface layer of a few
nanometers [10]; ii) the thermodynamics of melt PS, and
in general different kind of glass formers, in metastable
equilibrium is essentially thickness invariant down to ∼
30 nm [11–14]. For such thickness, a modest excess spe-
cific volume as compared to the bulk is observed and the
coefficient of thermal expansion is bulk-like [14, 15]. In
particular a density difference of about 0.5 % is observed,
implying a TK difference of less than 5 K [14]. Further-
more, molecular dynamics simulations in model systems
of polymeric glass-formers indicate that perturbations of
the bulk thermodynamics is limited to a thin layer close
to the free [11, 12] or weakly interacting [13] interface. Fi-
nally, perturbations of the melting temperature [16, 17]
and heat of fusion [18] are generally observed only for
confinement length scales shorter than 30 nm.
Altogether, these findings indicate that glasses with
large ”free” interface [19] exhibit decoupling between the
rate of spontaneous fluctuations, exhibiting essentially
bulk-like behavior, and the rate of non-linear recovery of
equilibrium (for discussion on these aspects see the fol-
lowing reviews [20–22]). This fact is especially evident in
the glassy state, where equilibrium is achieved consider-
ably faster than in bulk [23].
Here, we exploit the ability of freestanding films to re-
cover equilibrium within relatively short time scales to
explore thermodynamic states with low energies. Fur-
thermore, we take advantage of the presence of two mech-
anisms of structural recovery, recently found in exper-
iments [24, 25] (see Supplemental Material for details)
and rationalized within the random first order transition
(RFOT) theory [26]. In doing so, we show that, for 30
nm thick PS films, the ”fast” mechanism of equilibra-
tion, showing up below about 300 K, allows considerable
enthalpy recovery and thereby a significant reduction of
Tf . Notably this occurs in time scales not longer than
several days. When aged in the low temperature range,
these films are able to explore the landscape at energies
corresponding to Tf values of the order of the TK calcu-
lated for bulk PS (∼ 278-280 K). After prolonged aging
at lower temperatures, no further decrease of Tf is ob-
served. This indicates that the lowest energy state of the
film is achieved and, thereby, the thermodynamic (ideal)
glass transition exists.
High molecular weight polystyrene (PS) (Mw = 1408
Kg/mol and Mw/Mn = 1.17) from Polymer Source Inc.
was employed to produce films. After dissolving in
toluene, the so-obtained solution was spin coated on a
glass substrate. The films were subsequently dried at
433 K for several days to remove any trace of solvent
and release the stress induced by spin-coating [27, 28].
The final films thickness was about 30 nm as revealed
by atomic force microscopy (AFM). Films were finally
floated on water and removed from the substrate. Sev-
eral hundreds films were stacked in a pan for differential
scanning calorimetry (DSC) to achieve a sample mass of
about 4 mg.
Specific heat measurements were done on a DSC-
Q2000 calorimeter from TA-Instruments, calibrated with
melting indium. All measurements were carried out in
nitrogen atmosphere. To prevent stacked PS films to
interdiffuse the maximum temperature employed never
exceeded 393 K and the time spent at such temperature
was always shorter than several minutes. As estimated in
Ref. [29], for the very high molecular weight PS employed
in the present study, this ensures to avoid interdiffusion
of the layers. The absence of interdiffusion of the stacked
PS layers was also verified by the reproducibility of the
Tg measurements on the same sample after several tem-
perature cycles.
For the study of enthalpy recovery, the samples under-
went a heating ramp to a temperature of 393 K, that is,
above the films’ Tg (348 K on cooling at 20 K/min [30]),
with a stabilization period of 1 min, to erase the mate-
rials previous thermal history. They were subsequently
cooled down at 20 K/min to 233 K before stabilizing at
the temperature used for structural recovery, Ta. Then,
they were aged in the calorimeter for times from minutes
to several days before being cooled down to 183 K at a
cooling rate of 20 K/min, prior to reheating at 10 K/min
to 393 K for data collection.
The amount of enthalpy relaxed during aging of a glass
for a period of time ta at a given temperature Ta was eval-
uated by integration of the difference between the ther-
mograms of the aged and unaged samples subsequently
recorded, according to the relation:
∆H(Ta, ta) =
∫ T>>Tg
T<<Tg
(Cap (T )− Cup (T )) dT (1)
In this equation, Cap (T) and C
u
p (T) are the heat capac-
ity measured after the annealing and that of the unan-
nealed sample, respectively.
The fictive temperature (Tf ), that is the temperature
at which a glass with given thermo-mechanical history
would be at equilibrium, was determined from heating
scans after given aging time and temperature using the
Moynihan method [31]:
∫ T>>Tg
Tf
(Cpm − Cpg)dT =
∫ T>>Tg
T<<Tg
(Cp − Cpg)dT (2)
where Cpm, Cpg and Cp are the melt, glass and exper-
imental specific heats.
Figure 2 shows DSC heating scans for samples aged
over 480 min at the indicated aging temperatures (Ta).
Samples aged at T > 323 K exhibit the standard behav-
ior, consisting of an overshoot at temperatures in proxim-
ity of the films’ Tg. Samples aged between 308 and 323
K show negligible decrease in enthalpy. This is appar-
ent from the superposition of specific heat curves. How-
ever, when the aging temperature is further decreased,
3a broad pronounced overshoot appears in a temperature
range between ∼ 270 and 350 K. The presence of such
overshoot implies the presence of a ”fast” recovery mech-
anism, active at low temperatures, in line with previous
experiments [25].
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FIG. 2. Heat capacity as a function of temperature for 30 nm
PS films after 480 min aging at the indicated aging temper-
atures. The reference curve corresponds to a sample heated
up just after cooling. The inset shows the resulting recovered
enthalpy (right axis) and Tf (left axis) as a function of the
aging temperature. The hatched area indicates the tempera-
ture range where negligible enthalpy recovery is observed in
480 min aging time.
The inset of Figure 2 shows the amount of recovered
enthalpy obtained from the DSC scans after 480 min ag-
ing and the corresponding values of Tf as a function of
the aging temperature. Both magnitudes exhibit non-
monotonous temperature behavior. In particular, the re-
covered enthalpy shows a clear minimum and, as a conse-
quence, Tf goes through a maximum. Importantly, below
∼ 300 K, Tf decreases drastically and, after 480 min ag-
ing at 243 and 248 K, is about 40 K lower than the film
Tg. At lower temperatures a reduction of the recovered
enthalpy and, thereby, an increase of Tf is observed.
Enthalpy recovery experiments were carried out over
a wide range of aging times and temperatures below 300
K (see Supplemental Material). A summary of the aging
time dependence of Tf is presented in Figure 3. For aging
temperatures above 243 K, the Tf values at the plateau
after long aging times decreases with Ta. A tremendous
decrease of Tf is observed at the lowest investigated Ta.
Remarkably, the lowest Tf , obtained at Ta ≤ 243 K, is
∼ 278-280 K. This is ∼ 70 K smaller than the film Tg.
Such a small Tf is achieved after less than two days aging.
This is indicative of the low activation energy of the fast
mechanism of equilibration, as already found in bulk PS
[24]. At aging temperatures lower than 243 K, the Tf
values at the long aging time plateau do not experience
further decrease, remaining at ∼ 278-280 K.
Figure 4 shows the enthalpy, obtained from DSC data,
as a function of temperature for 30 nm PS films after
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FIG. 3. Fictive temperature Tf as a function of aging time
at the indicated aging temperatures. The hatched area shows
the range of variation of TK according to previous estimations
[32–34]. The dashed lines are guides for the eye to indicate
the Tf reached after prolonged aging.
different thermal histories. In particular, the enthalpy
corresponding to the glass cooled down at 20 K/min and
that obtained after prolonged aging below ∼ 300 K are
shown. The enthalpy of the supercooled state and its
extrapolation to temperatures below Tg and that of bulk
glassy PS cooled at 20 K/min are also shown. Such bulk
properties are taken from the ATHAS databank [35]. The
thermodynamic diagram of Figure 4 indicates that the
enthalpy reached after long time aging exhibits a kink at
about 243 K.
Thermodynamic data from the ATHAS databank also
allow determining TK by extrapolating the melt entropy
to temperatures lower than Tg (see Note [36] for details).
This gives TK ∼ 280 K, which nicely matches with pre-
vious determinations [32–34]. The range of variation of
the reported values of TK is shown in Figure 3 (hatched
area).
Most importantly, data points of Figure 4 and the long
aging time limit of Tf shown in Figure 3 indicate that the
lowest enthalpy state achieved corresponds to Tf ∼ TK .
Provided that the Tf completely defines the thermody-
namic state of the system, the equality between Tf and
TK carries as a natural consequence that the entropy of
the glass achieves a value equal to the crystalline coun-
terpart. This, together with the kink of the enthalpy
shown in Figure 4, can be interpreted as a signature of
the occurrence of a second order thermodynamic transi-
tion. In the kinetic conditions employed in the present
study, that is, cooling at 20 K/min and isothermal aging
at different temperatures, the transformation from one
phase to the other occurs at 243 K.
The observed transformation to a thermodynamic
state with vanishing excess entropy can be considered
as a signature of the existence of the ideal glass transi-
tion, long ago theorized by Gibbs and Di Marzio [4] and
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FIG. 4. Enthalpy as a function of temperature in PS glasses
obtained in the indicated conditions; in the melt state; and
after aging to a plateau at different aging temperatures below
about 300 K. The thermodynamic state after aging at Ta ≤
243 K to a plateau with Tf ∼ TK is also shown (red line).
still subject of intense debate [37]. The existence of the
ideal glass transition has been predicted by several theo-
retical approaches, such as the RFOT theory [38] and the
replica formulation of Mezard and Parisi [39]. Recently,
molecular dynamics simulations on an equilibrated ran-
domly pinned Lennard-Jones glass-former show the exis-
tence of the ideal glass transition [40, 41], in agreement
with our experimental results. However, the finite aging
time needed to reach Tf ∼ TK implies that there exists at
least one non-diverging relaxation time at temperatures
smaller than TK . This has also been suggested by several
experimental studies [7, 42, 43]. Importantly, molecular
dynamic simulations showed that the presence of a molec-
ular mechanism of relaxation with finite time scale [44]
can be detected on the ideal glass obtained by random
pinning [40, 41]. This does not rule out the possibility
that a diverging time scale exists in the ideal glass at TK .
The RFOT theory [38] predicts that glasses approaching
the ideal state actually show two molecular mechanisms
of relaxation; one exhibiting diverging time scale at TK
and a non-diverging mechanism with relatively low acti-
vation energy [26].
In conclusion, investigating the enthalpy recovery of 30
nm thick PS films, we show the presence of two mecha-
nisms of equilibration, similarly to bulk PS [24]. Given
its low activation energy and its short equilibration time
scale in 30 nm thick films, the ”fast” mechanism is able
to draw the glass deep in the energy landscape. This
results in Tf values, after aging times of the orders of
several days, as low as the TK of PS. In a bulk glass, this
would require aging times likely longer than millions of
years [7]. Once Tf ∼ TK is reached, no further decrease
of Tf is observed. Hence, the existence of the thermody-
namic (ideal) glass transition is experimentally verified
for the first time. This result has deep implications in
the comprehension of the glass transition: i) it provides
clear evidence of its thermodynamic nature; ii) it shows
that a disordered liquid can achieve entropy equal to that
of the ordered crystalline solid.
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Isothermal enthalpy recovery As a showcase, DSC
heating scans recorded after different aging times at 248
K are shown in Figure 1. A pronounced broad overshoot,
increasing in intensity with the aging time, is evident.
The inset of Figure 1 shows the aging time dependence
of the recovered enthalpy and the corresponding values
of Tf . At the longest aging times the amount of recov-
ered enthalpy is about 23 J/g. In such time scale, that
is, several days, this amount is considerably larger than
normally observed in conventional glasses. Tf reaches a
plateau value of 295 K, after the longest aging time.
T (K)
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FIG. 1. Heat capacity as a function of temperature for 30 nm
PS films annealed at 248 K at the indicated aging time. The
reference curve corresponds to a sample heated up just after
cooling. The inset shows the resulting recovered enthalpies
(right axis) and Tf (s) (left axis) as a function of the aging
time.
Specific heat: 30 nm films vs. bulk An important
aspect of the present study regards the equivalence of the
equilibrium thermodynamics of 30 nm PS films with the
bulk polymer. Hence, in order to define the thermody-
namic diagram when cooling 30 nm PS films at 20 K/min,
the specific heat was determined. This is shown in Figure
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† http://www.Second.institution.edu/˜Charlie.Author
2 (brown line) after correction of the baseline. The exper-
imental specific heat is compared to the glass and melt
specific heats reported in the ATHAS databank [1], also
shown in Figure 2 (blue and red lines respectively). As
can be seen, once the specific heat of the present study
of the glass and the melt are taken at sufficiently low
and high temperatures respectively (below ∼ 260 K and
above ∼ 355 K), the 30 nm thick sample exhibits melt
and glass specific heats equal to those of bulk PS. The
former result agrees with previous studies showing that
the equilibrium thermodynamics is essentially bulk-like
for freestanding films as thin as 30 nm [2–6].
T (K)
240 260 280 300 320 340 360 380
C
p (
J/
gK
)
Ref. 
10 min 
20 min 
40 min 
60 min 
100 min 
200 min 
500 min 
0.5 J/gK
t (s)
101 102 103 104 105 106
T f
 (K
)
270
280
290
300
310
320
330
340
350
H
 (J
/g
)
0
5
10
15
20
25
30
35
FIG. 2. Heat capacity as a function of temperature of 30 nm
thick PS films cooled down at 20 K/min (brown line), melt
(red line) and glass (blue line) bulk PS.
Two steps recovery of equilibrium The presence
of two molecular mechanisms driving the 30 nm thick PS
toward equilibrium and its analogy with bulk glass for-
mers constitutes a crucial ingredient to achieve the ideal
glass transition. In bulk glass formers, this has been re-
cently found studying the isothermal enthalpy recovery in
several polymers [7]. Achieving information on the pres-
ence of multiple mechanisms, and their corresponding
thermodynamic states in metastable equilibrium, gener-
ally requires experimentally demanding observation time
scales. However, there exist numerous experimental stud-
ies on the enthalpy recovery of different glasses, showing
a plateau with partial recovery [8–16]. In all these cases,
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2the amount of recoverable enthalpy, determined from the
knowledge of the melt and glass specific heats − provid-
ing the specific heat jump − and the distance from the
glass transition (Tg − Ta), is always considerably larger
than the enthalpy actually recovered at a plateau. Im-
portantly, this is the case even in one study where the
total amount of recoverable enthalpy is erroneously eval-
uated [11] due to an underestimation of the specific heat
jump: ∆Cp = 0.475 J/gK versus a value of 0.625 J/gK re-
ported by Wunderlich and co-workers [17], on the basis of
several estimations meeting the standards of acceptable
data. Furthermore, several studies exist on both poly-
meric [18, 19] and non-polymeric glass formers [20, 21]
showing the existence of intermediate plateaus before to-
tal recovery of equilibrium is achieved.
Here, the analogy between 30 nm thick PS and the
corresponding bulk polymer for what concerns how the
two mechanisms of equilibration act is presented show-
ing unpublished results on isochronal enthalpy recovery
experiments on bulk PS (5 days aging) at different tem-
peratures. These data are plotted in Fig. 3 together
with analogous data for 30 nm thick PS films aged for
480 min at different temperatures (already shown in the
inset of Fig. 2 of the main manuscript). In both cases,
the presence of two maxima in the plot of the recovered
enthalpy as a function of temperature is indicative of the
presence of two mechanisms of relaxation. However it is
worth of remark that: i) the time scale of observation to
achieve separation of the two time scales of equilibration
is significantly larger for bulk PS than 30 nm films; ii)
even with such a difference in the time scales of observa-
tion, the separation of the two maxima in the enthalpy is
considerably more marked in the 30 nm thin films than
in bulk PS.
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FIG. 3. Recovered enthalpy as a function of aging tempera-
ture for 30 nm thick PS films and bulk PS aged for 480 min
and 5 days, respectively. Dashed lines are guides to the eye
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